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Here, we report the sintering of aggregated submicron cubic boron nitride (sm-cBN) at a pressure

of 8 GPa. The sintered cBN compacts exhibit hardness values comparable to that of single crystal

diamond, fracture toughness about 5-fold that of cBN single crystal, in combination with a high

oxidization temperature. Thus, another way has been demonstrated to improve the mechanical

properties of cBN besides reducing the grain size to nano scale. In contrast to other ultrahard com-

pacts with similar hardness, the sm-cBN aggregates are better placed for potential industrial appli-

cation, as their relative low pressure manufacturing perhaps be easier and cheaper. VC 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4915253]

Synthetic cubic boron nitride (cBN) and diamond are

the two artificial super-hard materials that have been most

widely used in industry for over half a century.1,2 cBN pos-

sesses high thermal and chemical stability superior to those

of diamond,3 and it is the best-known material for cutting

ferrous and carbide-forming hard substances where diamond

completely fails.4 However, the hardness of cBN is much

lower than that of diamond (the single crystal cBN has

Vickers hardness (Hv) of about 50 GPa, while for single

crystal diamond this value is about 60–120 GPa; correspond-

ing values are lower for commercially used polycrystalline

cBN and diamond (PCD)).5–7 For decades, various ways

have been designed to increase the hardness of polycrystal-

line cBN, and the synthesis of nanocrystalline cBN seems to

be the most effective way.8–10

In polycrystalline materials, grain boundaries can effec-

tively hinder the movements of dislocations and improve the

strength, thereby enhance the hardness of polycrystalline

aggregates.11 As the total area of grain boundaries increase

with the decreasing crystalline size, nanocrystalline aggre-

gates should be noticeably harder as compared to its micro-

crystalline counterparts.12,13 This increase in hardness with

decreasing crystal size is known as the Hall-Petch effect.14,15

Following this route, nanocrystalline cBNs have been syn-

thesized at high pressure and temperature and demonstrate

some noticeable improvement of hardness.8,9,16 But the syn-

thetical pressure for those nano-cBNs (�20 GPa) is much

higher than that for commercial cBN (�5.5 GPa), while

other phases instead of cubic phase of boron nitride are used

as starting materials. The application of nano-cBN is there-

fore limited.

Is nano-cBN synthesized at such a high pressure from

precursor the only solution for remarkable hardness

improvement of cBN? Defects (e.g., twins and stacking

faults) in crystallines and the interfacial bonding between

grains also have an important influence on the strength of

materials just like grain boundaries.11,12,17 So, theoretically

speaking, the hardness of cBN can also be increased by

introducing defects and well bonded interface. In this study,

we present the sintering of super-hard submicron cubic boron

nitride (sm-cBN) compacts starting from pre-synthesized

cBN powder at a mild pressure of �8 GPa and high tempera-

tures of 1800–2400 K. No binders of other materials are used

as they may reduce the strength of interfaces and lower the

hardness of the products.12 Because of the high hardness of

each cBN crystalline, large local stress may arise when

grains were compacted under high pressure and defects may

be introduced by this local stress.

Pure cubic BN powder with diameter about 0.2–0.5 lm

was used as the starting material after vacuum heat-treatment

at 1500 K. High pressure and high-temperature (HPHT)

experiments were carried out with a DS 6� 14 MN cubic

press. The cell temperature was measured directly using a

W-Re thermocouple, and the pressure was estimated from pre-

viously obtained calibration curve. Samples were gradually

compressed to 8 GPa at ambient temperature, and then the

temperature was stepwise increased with a heating rate of

about 100 K min�1 to the desired value. The duration of heat-

ing was 15 min. The samples were quenched at a rate of about

200 K min�1 and then slowly decompressed.

The phase composition of the sintered samples was inves-

tigated by the X-ray diffraction (XRD) analysis with CuKa
radiation (DX-2500, Dandong, China). Microstructures of sin-

tered samples were characterized by Transmission Electron

Microscopy (TEM) (Tecnai G2 F20 S-TWIN) with an accel-

erating voltage of 200 kV. Vickers hardness of the polished

samples was tested by a Vickers hardness tester (FV-700B,

Future-Tech, Japan). Ultrasonic experiment is measured by

JDUT-2 ultrasonic instrument (LECROY, WR6050A, USA).
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Studies on oxidation resistance were performed in air using

the NETZSCH STA 449C with a heating rate of 10 K min�1

from 300 K to 1750 K. Cutting tests were conducted on a

numerically controlled lathe (SK50P/750, Baoji, China). Tool

holders were CRSNR2525M09. The tool wear was gauged by

a stereomicroscope (XTL-3400, Shanghai, China). No lubri-

cant or coolant was used during turning.

The well sintered samples are cylinder-shaped chunks

with a diameter of about 6.5 mm and thickness of about

4 mm after polishing (inset of Figure 1(a)). Figure 1(a) shows

XRD patterns of the starting cBN and samples sintered at

different temperatures. There are no other XRD peaks exist-

ing in these patterns besides peaks which belong to cBN. It

means that no XRD detectable impurities were introduced.

This may be a result of that no sintering aids were used in

the present study and mixing process was avoided, in which

impurities are apt to be introduced. Another feature of the

XRD patterns of samples treated at HPHT is that the diffrac-

tion peaks are broadened compared to starting material (inset

of Figure 1(b)). The deviatoric strains of samples have been

analyzed from the XRD line broadening using the following

relation:

FWHM2 cos2h ¼ k
d

� �2

þ r2 sin2h (1)

where FWHM is the full-width at half-maximum of the dif-

fraction profile on 2h-scale. The symbols d, k, and r denote

the grain size, X-ray wavelength, and deviatoric strain,

respectively.

The results (the data at 300 K in Figure 1(b)) show that

the deviatoric strain of starting material is nearly zero, while

the values for cBNs sintered at HPHT are significantly

increased. As the deviatoric strain of crystallines is primarily

resulted from defects in material,18 the obtained deviatoric

strain values indicate that the starting material is almost

defect free while defects were introduced after HPHT treat-

ment, and the defect concentration in samples decreases with

increasing sintering temperature.

Typical TEM and high-resolution TEM (HRTEM)

images of the sample synthesized at 8 GPa and 2300 K are

shown in Figs. 2(a)–2(c). It can be seen that the grain size is

mainly about 0.2–0.5 lm (Figure 2(a)). Densely spaced twin

boundaries and stacking faults are seen in grains (Figures

2(b) and 2(c)), and the length between twin boundaries or

stacking faults are predominantly in nanoscale. In other

words, perfect crystals of cBN are divided into nanoscale

dimensions along directions perpendicular to the twin boun-

daries or stacking faults. Similar features have also been

found in the recent reported cBN sample synthesized from

specially prepared boron nitride precursor possessing onion-

like nested structures.10 The defects (such as stacking faults)

lead to deviatoric strain in the sample and give rise to the

broadening of the XRD peaks, consisting with the XRD

observation.

Ultrasonic measurements have been performed to give

the modulus values of sm-cBN using a pulse-echo method.19

By dividing the round-trip distance by the pulse transit time

(t), the wave velocity has been calculated. The values of

Young’s modulus (E), bulk modulus (B), shear modulus (G),

and Poisson’s ratio (�) have been calculated from the densities

of the sintered samples measured with Archimedes method,

making use of the longitudinal and transverse velocities of the

acoustic waves. Table I lists the values of q, E, G, and B for

the sample sintered at HPHT, while the corresponding theo-

retic values as well as the reported bulk modulus of other

super hard materials are also listed.8,13,20,22,24 For the sample

sintered at 8 GPa and 2300 K, the density reaches 3.48 g/cm3,

almost the same with the theoretical value (3.49 g/cm3). Also,

the modulus values (Young’s modulus (�901 GPa), bulk

modulus (�384 GPa), and shear modulus (�406 GPa)) are

close to the theoretical values of cBN.

FIG. 1. X-ray diffraction analysis and

photograph of sm-cBN samples. (a)

XRD patterns of starting material and

samples sintered at 8 GPa and various

temperatures. Inset: optical micro-

scopic image of a sm-cBN sample sin-

tered at 8 GPa and 2300 K (about

6.5 mm in diameter and 4 mm thick).

(b) Deviatoric strain of sm-cBN aggre-

gates versus sintering temperature.

Inset: (2 2 0) peaks in XRD patterns of

starting material and sample sintered at

8 GPa and 2300 K.

FIG. 2. TEM characterization of the

sample sintered at 8 GPa and 2300 K.

(a) Low-magnification TEM image of

the sm-cBN sample. (b) TEM image of

substructure in a submicron grain. (c)

HRTEM image of a sm-cBN. Inset: the

corresponding selected area electron

diffraction pattern.
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Vickers Hardness of the polished cBN samples was

measured using a standard square-pyramidal diamond in-

denter with a holding time of 15 s. Figure 3(a) shows the

load dependence of the Vickers hardness for the specimen

sintered at 8 GPa and 2300 K. The value of Vickers hardness

was 112 (63) GPa at the load of 2.94 N, similar to the hard-

ness of nanotwinned cBN (108 GPa) under the same loading,

which has been claimed to be the highest hardness reported

so far for polycrystalline cBN.10 However, it has been sug-

gested that much higher loads are required for saturation of

population growth of microcracks in a brittle material to

report a correct hardness value.25–27 Thus, we continue to

test the hardness with larger loading force up to 98 N. By

increasing the loading force to 29.4 N, the hardness reaches

the asymptotic value of 75 (63) GPa, and then almost

remain unchanged at loads above 29.4 N. This hardness

value is much higher than that of single crystal cBN

(�50 GPa) and comparable to that of single crystal diamond

(60–120 GPa).10,28,29 Table I lists the values of Hv for the

sintered sample and the corresponding values of diamond

composite and cBN composite from literatures.21,23 It could

be seen that the hardness of sm-cBN is much higher than

that of diamond composite and cBN composite.

The fracture toughness of the sintered samples have

been determined by the equation of KIC¼ n (E/HV)1/2 (P/c3/2)

(MPa m1/2),30,31 where n is a calibration constant of 0.0166

(60.004), E is the Young’s modulus (GPa), P is the loading

force (N), and c is the length of the crack. The resulting KIC of

sample sintered at 8 GPa and 2300 K reaches 13.2 MPa m1/2,

which is about 3-fold that of single crystal diamond

(3.4–5 MPa m1/2)5 and almost 5-fold that of single crystal

cBN (2.8 MPa m1/2).8

The extraordinary hardness and fracture toughness

reported here may be attributed to three factors: First, the

XRD linewidth analysis (Figure 1(b)) and TEM images

(Figures 2(b) and 2(c)) indicate that defects (mainly includ-

ing stacking faults and twins) were introduced in the sinter-

ing process. The defects in crystallines act as obstacles for

dislocation glide during deformation,11 and the strength of

cBN is therefore improved; thus, this way has also been

demonstrated to improve the mechanical properties of cBN

besides of reducing the grain size to nano scale; second, the

sintered sample was highly condensed and well sintered,

indicated by the density and modulus values of sm-cBN

which are very close to theoretic values; third, the strength

of cBN aggregate with submicron grain could be enhanced

compared with conventional cBN with micron grain size due

to the Hall-Petch effect.14,15

The thermal stability of the cBN sample sintered at

8 GPa and 2300 K has been investigated by thermoanalytical

(TG) characterization. Figure 3(b) shows a onset oxidation

temperature of 1525 K in air for the as prepared sm-cBN,

which is higher than those of single crystal cBN (�1376 K)

(Ref. 10) and nanograined cBN (�1460 K) (inset of Figure

3(b)).8

Cutting tests have also been conducted on the sintered

samples and commercial cBN. The samples are used for the

high-speed cutting of hardened steel (hardness of the hard-

ened steel: HRc¼ 62, cutting speed: 120 m/min, feed:

0.15 mm/rev, and depth of cut: 0.1 mm). Tool wear was

represented by the width of wear on the flank surface (Vb)

(inset of Figure 3(c)), and was used to evaluate the wear per-

formance of the sintered samples. Figure 3(c) compares the

wear performance of the sample prepared at 8 GPa and

2300 K to the commercial cBN. It could be seen that the

wear of sintered sample is more narrow than that of commer-

cial cBN at the same cutting time, indicating a better wear

resistance of the sm-cBN.

In summary, it has been shown that defects including

stacking faults and twins could be introduced into sm-cBN

in the HPHT sintering, and the mechanical properties of the

well sintered highly condensed sm-cBN aggregates were

TABLE I. Typical mechanical properties of sm-cBN and its comparison

with other super hard materials.

Samples Hv (GPa) q (g/cm3) E (GPa) B (GPa) G (GPa)

sm-cBN 75 3.48 901 384 406

Diamond compositea,b 51 3.47 446 183 204

cBN compositec,d 36 4.28 587 254 284

Nano-cBNe,f … … 875 375 …

Theoreticalg … 3.49 909 400 405

a,bExperimental data from Refs. 21 and 22.
c,dExperimental data from Refs. 23 and 24.
e,fExperimental data from Refs. 8 and 13.
gExperimental data from Ref. 20.

FIG. 3. Properties of a sample sintered at 8 GPa and 2300 K. (a) Vickers hardness as a function of applied load force. Inset: an optical micrograph of the

Vickers indentation with cracks produced at a load of 49 N. For single crystal cBN, the value of Vickers hardness is �50 GPa; for the single crystal diamond,

the values of Vickers hardness are �110 GPa on the {1 1 0} face and �62 GPa on the {1 1 1} face.10,13 (b) The thermogravimetric curve for sm-cBN sample.

Inset: table showing oxidation temperatures of different cBN samples. (aExperimental data from Ref. 10, bExperimental data from Ref. 8.). (c) The width of

wear on the as prepared sm-cBN sample and commercial cBN as functions of cutting time. Inset: photographs of the sm-cBN samples at a cutting time of

25 min.
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improved by these defects. This makes it possible to sinter

sm-cBN aggregate with mechanical properties and thermo-

stability comparable with or better than those of single ctys-

tal diamond at a moderate pressure, and thus open unique

opportunities for the industrial applications of this material.
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